[1] Observations from satellites and balloons suggest that ozone abundances have decreased in the tropical lower stratosphere since the late 1970s, but this long-term change is occurring in a region of large interannual variability. Three different ozone databases provide regression fits to the ozone observations, and are available for use in model studies of the influence of ozone changes on stratospheric and tropospheric temperatures. Differences between these ozone databases suggest that the estimated decreases of tropical lower stratospheric ozone in recent decades are uncertain by about a factor of two to three. The uncertainties in ozone decreases lead to similar uncertainties in cooling of the tropical lower stratosphere, a key area of focus in climate change studies. Citation: Solomon, S., P. J. Young, and B. Hassler (2012), Uncertainties in the evolution of stratospheric ozone and implications for recent temperature changes in the tropical lower stratosphere, Geophys.
Introduction
[2] Understanding the factors that can influence temperatures near the tropical lower stratosphere is important for interpreting past climate change and projecting future changes. One driver of temperatures in this region is the abundance and variability of ozone, but water vapor, volcanic aerosols, and dynamical changes such as the QuasiBiennial Oscillation (QBO) are also significant [e.g., Fueglistaler et al., 2009, and references therein] ; anthropogenic increases in other greenhouse gases such as carbon dioxide play a lesser but significant role in the lower stratosphere [Shine et al., 2003] . Due to the important role of ozone in driving temperature changes in the stratosphere as well as radiative forcing of surface climate, several different groups have provided databases characterizing the time-varying concentrations of this key gas that can be used to force global climate change simulations (particularly for those models that do not calculate ozone from photochemical principles). The three ozone databases used in this work are (i) Cionni et al. [2011, hereinafter SPARC] , (ii) Randel and Wu [2007, hereinafter RW] , and Hassler et al. [2009, hereinafter BDBP] .
[3] Here we examine tropical ozone changes in each of the databases for 1979-1981 versus 1995-1997 ; this choice of time periods deliberately includes a time before ozone depletion became readily apparent, as well as a later period when observations suggest that ozone was especially low (see Figure 1 below). We impose the stratospheric ozone changes from each of the three databases in a global atmospheric general circulation model (the NCAR Community Atmosphere Model, or CAM) with fixed greenhouse gas concentrations and sea surface temperatures to examine the accompanying effects on stratospheric temperature during these two time slices. We use 100-year integrations (analyzing the last 80 years) for each simulation, so that a coherent forced signal can emerge against the backdrop of internal variability (as Polvani et al. [2011] ). Tropospheric ozone changes are not considered, as these are not specified by all of the datasets. The climatology of tropospheric ozone suggested by McPeters et al. [2007] was used in all model runs.
[4] The goal of this study is not to determine which, if any, of the stratospheric ozone datasets may be considered to be the most accurate. Nor do we seek to simulate measured total temperature trends, which would require consideration not just of ozone but also of other forcing agents as well as uncertainties in the temperature data [e.g., Sherwood et al., 2008; Free, 2011] . Rather, our purpose is to examine the range of the estimated ozone changes obtained from available databases for the tropical lower stratosphere and to explore implications for changes in temperature.
Ozone Databases
[5] We briefly summarize the key features of the three ozone databases that affect estimates of tropical lower stratospheric values. The RW database is the output of a fitting process that makes use of SAGE-1 and 2 satellite observations to characterize ozone concentrations in the tropics above 20 km, but uses only SAGE 2 data (from 1985 on) below that level, due to concerns about the uncertainty in altitude registration of the SAGE-1 data as discussed by Wang et al. [1996] . RW apply a multiple linear regression model to account for the seasonal cycle, two terms to represent the QBO, and a long-term function that assumes that ozone decreases in proportion to increases in ozonedepleting halocarbon content (equivalent effective stratospheric chlorine, or EESC). RW also include a solar cycle term above 20 km but not below. Unlike polar ozone, tropical lower stratospheric ozone is not expected to be chemically depleted by halocarbons, owing to the fact that chlorine and bromine have not yet been released as the source gases pass through this region. Therefore, ozone changes in tropical lower stratosphere may not follow the functional form of EESC [see, e.g., Douglass et al., 2010] .
[6] The SPARC database was developed to support the fifth Coupled Model Intercomparison Project (CMIP-5) [Taylor et al., 2012] and includes estimates of both tropospheric and stratospheric ozone changes. It spans the period 1850 to 2100. The stratospheric portion of the observationsbased dataset (1979 to 2010) is largely based upon the RW regression approach including a mean annual cycle, EESC and solar cycles, but does not include the QBO.
[7] The BDBP database includes available balloon-borne ozonesondes as well as SAGE 1, SAGE 2, HALOE, and POAM observations. Among other stations, two of the longest ozonesonde datasets in the tropics come from Hilo, Hawaii (19.7 N, 155 W) and Samoa (14.3 S, 170.6 W). The data are fit using a multiple regression model with an annual cycle, EESC, a linear term to allow for possible greenhouse gas impacts, two QBO terms, solar cycle, El Nino Southern Oscillation (ENSO) and volcanic perturbations. Even during times when the volcanic loadings are relatively low, including a volcanic basis function can affect other terms (such as the linear slope) in the regression model fit.
[8] More detail regarding the fits used, and a comparison of the three datasets is provided in B. Hassler et al.
(Comparison of three vertically resolved ozone data bases: Climatology, trend and radiative forcings, submitted to Atmospheric Chemistry and Physics, 2012).
[9] Figure 1 shows annually averaged ozone changes at 70 mbar for three tropical latitude bands. The raw data are shown, along with the output of the regression fits of the three ozone databases. The ten years from 1996-2005 are averaged for both the raw data and the databases to provide a reference for each, and all values are plotted as the fractional anomaly compared to that reference. The absolute amounts of the anomalies differ between the databases due to different climatologies (see Hassler et al., submitted manuscript, 2012) .
[10] The ozonesonde data for Samoa and Hilo are plotted in Figure 1 for those bins in which these stations fall. Total column measurements from Samoa and Hawaii using the Dobson direct sun method (for maximum accuracy) are also shown for comparison using a separate scale (right). The changes at 70 mbar are not expected to quantitatively match the total column, which can only provide a qualitative comparison.
[11] While the raw data in Figure 1 suggest a long-term decrease in ozone in much of the region from 20 N-20 S, the figure also gives a sense of the difficulties faced in regression fitting of the highly variable raw ozone data to quantify the underlying longer-term changes. Randel and Wu [2007] noted that the fitting terms they used explained up to 70% of the ozone variance in much of the tropical midand upper-stratosphere in their study, but below about 20 km the fits accounted for less than 50% of the variance, corresponding to large uncertainties. None of the three published ozone databases provide estimates of the fitting errors on the long-term changes shown in Figure 1 . It is possible that the differences between the databases as shown in Figure 1 are within respective uncertainties in fitting the raw data. SPARC and RW use the same observations but obtain different results, hence the regression model can be important. Differences in both the regression model and in input observations probably contribute to the different results obtained in BDBP.
[12] Figure 1 indicates that the long-term changes in tropical lower stratospheric ozone are subject to large uncertainties, due in part to the relatively large interannual variability. It has been noted that the tropical total ozone column changes implied by the changes observed from SAGE 1 to 2 are difficult to reconcile with available total column data suggesting little or no ozone loss in this region, unless there has been a 15% increase in tropical tropospheric abundances [Randel and Wu, 2007] . Some studies using piece-wise linear trends rather than EESC fitting suggest larger tropical total column changes in some periods that may be more consistent Where data are given in height coordinates, they are converted to pressure. Data for SAGE-1, SAGE-2, and HALOE satellites are indicated. The regression fits to the trends from three ozone databases are shown (SPARC, RW, and BDBP -black, blue dotted, and cyan lines) along with raw data from SAGE-1 and 2, HALOE, and Samoa (at 14.3 S, 170.6 W) and Hilo (19.7 N, 155 W) ozonesondes (symbols). Data coverage is sparse in some locations and years, but all available years are plotted for completeness. Total ozone column changes from the Samoa and Mauna Loa stations are also shown in the respective latitude bins (right scale, green line).
with the differences between SAGE 1 and 2 [Douglass et al., 2010, and references therein] . While the Samoa total column measurements suggest a decrease in ozone from the late 1970s to mid 1990s, there is little evidence of a decline from 1979-2005, nor has the total column decreased at Mauna Loa. The goal of this paper is not to resolve these long-standing issues, but rather to examine some of their implications for uncertainties in estimated changes in temperature.
Effect of Uncertainties in Ozone on Tropical Lower Stratospheric Temperatures
[13] Time-slice integrations were run using the NCAR CAM version 3.6 for 100 years, of which the last 80 years were analyzed. The model configuration used in this study includes a horizontal resolution of 2 latitude by 2.5 longitude and 26 levels from the surface to 3.5 hPa (about 40 km). Further information on the model formulation, including the radiative transfer module, is documented by Collins et al. [2006] . P. J. Young et al. (Modelling the climate impact of late 20th century stratospheric ozone changes: Sensitivity to different forcing data sets, submitted to Atmospheric Chemistry and Physics, 2012) provide further examination of the simulations conducted here.
[14] The atmospheric model simulations used ozone data from each of the three databases in the two different time periods considered (1979-1981 and 1995-1997) . Figure 2 shows the seasonal cycles of the imposed changes in ozone averaged from 20 S to 20 N, along with computed temperature changes from 100 to 30 mbar based on the three databases. All three databases show a similar seasonal structure, with maximum tropical ozone losses in Dec-JanFeb and minima in Jul-Aug-Sep, but the amplitude of the ozone loss and related cooling is smallest in SPARC, larger in RW, and considerably larger in BDBP. Polvani and Solomon [2012] presented a qualitatively similar seasonality of temperature changes in runs using the same model driven by the SPARC ozone database. They showed that the seasonality of calculated temperature changes compared favorably to observations. Comparisons of tropical temperature data display a seasonality in their cooling trends that is robust across different temperature databases, but with substantial uncertainties in amplitude [Free, 2011] . We emphasize that the changes shown here refer specifically to the mid/late 1990s (1995) (1996) (1997) 1980s (1979-1981) and do not represent trends. They do, however, indicate how sensitive temperatures in this region are to temporal changes in ozone.
[15] Figure 3 presents vertical profiles of the annual average temperature changes between the period from 1979-1981 and 1995-1997 values shown in Figures 2 and 3, i. e., about 0.5 C per decade for RW and SPARC at 70 mbar, but about 1.2 C per decade for BDBP. The shading about the lines in Figure 3 shows the 95% confidence ranges for the temperature changes, as calculated from the 80-year time slices. This does not represent the total error but only the statistics of the runs with this particular model. While other models would likely yield different absolute cooling, the relative values of the cooling implied by the three different ozone databases can be expected to be robust to the model chosen.
[16] While the ozone changes are imposed only in the stratosphere in these runs, there is a slight cooling at lower altitudes in the model simulations. Forster et al. [2007] noted a similar effect in simulations that considered ozone losses only above 70 mbar, due to the effects of reduced longwave emission upon upper tropospheric temperatures.
Conclusions
[17] Several different ozone databases are available for use by global climate modelers, and here we have probed how computed temperature changes in the tropical lower stratosphere could differ depending upon which ozone database is chosen to describe this important forcing. The underlying raw ozone data used to construct these databases are subject to significant uncertainties, including (but not limited to) the differences between SAGE 1 and 2. While the three ozone databases all show a reduction in ozone in the lower tropical stratosphere, the magnitude of this change differs substantially between them and occurs against a backdrop of much larger interannual variability. The SPARC database that was used for many global model runs for the Climate Modelling Intercomparison Project 5 (CMIP5) displays the least interannual variability and the most conservative trends in ozone of the available databases. Uncertainties in the regression models and fits used to distinguish between periodic variations and trends in the different databases appear to be a significant source of uncertainty in the estimates of longterm trends. The three different ozone databases yield changes in tropical lower stratospheric temperatures that differ by more than a factor of two at 70 mbar, although all have qualitatively similar seasonal cycles. Therefore, the uncertainties in ozone changes in the tropical lower stratosphere and their characterization in different databases using regression fits constitute a major barrier to understanding temperature trends and radiative forcing. According to the present model, the changes in lower stratospheric ozone may also influence temperatures in the tropopause region and thereby perhaps water vapor, although we emphasize that further testing with additional models is required.
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